Body condition scoring (BCS) gives an indication of the nutritional status of an animal and it is thus an invaluable management tool in domestic livestock systems. It is, however, subjective. This study aimed at identifying biochemical indicators which could be objectively used as an indicator of undernutrition in ruminants. Blood samples were collected from 50 cattle with BCS < 1 and from 50 cattle with BCS > 2.5, using a 0-5 scale, and analysed for albumin, urea, creatinine, fructosamine, beta-hydroxybutyrate, non-esterified fatty acids, total serum protein and haematocrit. Rumpfat and ribfat thickness and marbling relative index were determined ultrasonographically in 15 of the low BCS group and 13 of the high BCS group. The laboratory measure with the best predictive ability for severe undernutrition was albumin, which correctly classified 94 % of cattle, using a cut-off of 31.5 g/ℓ. In contrast to a previous study, our study did not find the fructosamine:albumin ratio to be an accurate test to indicate undernutrition in cattle. Ultrasonic measurement of subcutaneous rumpfat and ribfat proved to reliably predict undernutrition, but may, however be impractical for routine use under most field conditions.
INTRODUCTION
Adequate nutrition is a fundamental requirement for the welfare of all domestic livestock. Undernutrition can be defined as insufficient nutrient supply and it may result in poor health and condition, the exhibition of abnormal behaviour and an inability to maintain body mass (Pearsall 1999; Stirrat 2003) . The degree as well as the length of undernutrition will determine the effects on animal welfare.
Maintenance of acceptable body condition is essential as it directly affects both production and reproduction. Research indicates that body condition is a more reliable indicator of nutritional status than live mass (Eversole, Browne, Hall & Dietz 2000) . Body condition scoring is most commonly practised in domestic cattle and sheep but has proved to be subjective (Domecq, Skidmore, Lloyd & Kaneene 1995) . Thus the need for objective indices to monitor body condition and indicate undernutrition exists.
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MATERIALS AND METHODS

Animal selection
A total of 100 beef cattle were sampled. One group of 50 cattle had a body condition score (BCS) < 1, but were clinically healthy. These cattle were sampled from across South Africa, and were located with the help of private and state veterinarians. They had undergone chronic, severe undernutrition due to the seasonal depletion of natural grazing, combined with a financial inability of their owners to supplement the nutrition of their livestock. This undernourished group consisted of cross breeds of both sexes, ranging from 1 to > 4 years of age, and only one was 3 months pregnant. A control group of 50 non-pregnant female cattle, including 23 Bovelders and 27 Bonsmaras, belonging to the University of Pretoria, was adequately nourished and clinically healthy with a BCS > 2.5. Body condition scoring was done on a scale of 0-5, to a precision of 0.5, according to the system of Wildman, Jones, Wagner, Bowman & Lesch (1982) .
Procedures
A clinical examination was done on each individual animal prior to any further procedures to ensure that the animal was not evidently diseased. This included rectal temperature, pulse, respiration, thoracic auscultation, mucous membrane colour and rumen auscultation. Estimates of the animals' ages were obtained by means of teeth evaluation on farms where adequate record keeping was absent. Due to the absence of electronic scales in the majority of places that were visited, a weigh band was used to estimate body mass. Pregnancy status was determined by means of rectal palpation. Blood in two 4.5 mℓ serum tubes and one or two 10 mℓ tube(s) containing heparin was collected from either the jugular or tail vein of each animal. The following parameters were analysed on the collected blood samples: albumin, urea, creatinine, fructosamine, beta-hydroxybutyrate (BHB), non-esterified fatty acids (NEFA), total serum protein (TSP) and haematocrit. Globulin concentration was calculated by subtracting albumin from TSP, and the fructosamine:albumin ratio (FAR) and albumin:globulin ratio (AGR) were calculated.
Ultrasound measurement of subcutaneous fat
Ultrasound measurement of the rump and rib subcutaneous fat depth and marbling of the eye (longissimus) muscle was done on a random sample of 15 of the undernourished animals and 13 of the adequately nourished animals.The scanning was done by trained staff from the ARC-Animal Improvement Institute, Irene, South Africa, using a Pie 100 ultrasound scanner with a Phantom probe (Philips, The Netherlands). For rumpfat thickness the transducer was aligned directly between the tuber coxae and tuber ischiadicum. The marbling relative index was derived from each animal's deviation from the expected relationship (R 2 = 0.61) between marbling (intramuscular fat %) and ribfat thickness (ARC 2006) . Thus at a specific ribfat thickness, a certain level of marbling was expected in the eye muscle; if an animal showed more marbling than this, a higher index (> 100) was obtained.
Data analysis
The relationship between albumin, globulin, BCS and fructosamine was assessed using multiple regression. Mann-Whitney U-tests were used to compare medians of the various outcome variables between the adequately nourished and undernourished groups. For those biochemical and ultrasonographic measures that differed significantly between the two groups, receiver operating characteristic (ROC) analysis was used to compare their usefulness in discriminating between adequately nourished and undernourished animals (Greiner, Pfeiffer & Smith 2000) . The global performance of each measure in predicting undernutrition was calculated as the area under the ROC (sensitivity vs. 1-specificity) curve (AUC). Exact binomial confidence intervals were calculated for each AUC, and the AUCs were compared between measures. "Reference ranges" for each measure were calculated as the 2.5-97.5 percentile amongst the adequately nourished cattle. The sensitivity and specificity and their 95 % binomial confidence intervals, of each measure for predicting undernutrition was calculated using the 2.5 percentile (or 97.5 percentile where applicable) as the cut-off value. The cut-off value for each variable which achieved 100 % sensitivity and that which achieved 100 % specificity were also calculated. Analyses were done using Stata 8.2 (StataCorp, College Station, TX, USA).
RESULTS
Median BCS in the undernourished cattle was 1 (range 0.5-1) and in the adequately nourished cattle it was 3.5 (range 2.5-4). The various clinical, ultra sonographic and biochemical measures in the two groups are shown in Table 1 . The undernourished cattle had a lower body mass, pulse rate, rumpfat, ribfat, marbling relative index, creatinine, albumin, fructosamine, TSP, AGR and haematocrit, and a higher FAR and globulin than the adequately nourished cattle.
For both groups combined, albumin and globulin were both significantly associated with fructosamine (P < 0.001 and P = 0.003, respectively), and together accounted for 45 % of the variation in fructosamine levels. The relationship between fructosamine, albumin and globulin could be expressed as fructosamine = 68.1 + 3.51 × albumin + 1.20 × globulin. This is consistent with the fact that fructosamine is a coumpound of glucose and protein and therefore that fructosamine levels are correlated with protein levels. When adjusted for albumin and globulin, there was no significant linear association between BCS and fructosamine.
The AUC of the ROC curves for those variables that differed between the undernourished and adequately nourished groups are shown in Table 2 . Of the biochemical measures, albumin was the single best predictor of undernutrition (AUC = 0.985), and was significantly better than fructosamine (P = 0.0004) and than FAR (P < 0.0001). The AUCs for fructosamine and FAR did not differ significantly (P = 0.53). The overall performance of selected variables is shown using their ROC curves in Fig. 1 . The closer a curve comes to the top left-hand corner of the graph (i.e. sensitivity = specificity = 100 %), the better its overall ability to discriminate between the two groups. In this dataset, body mass and haematocrit were also good predictors of undernutrition (AUC = 0.950 and 0.952, respectively), and were not significantly different from albumin (P = 0.13 and 0.15, respectively). The ultrasonographic measures of rump fat and ribfat thickness each perfectly predicted undernutrition (AUC = 1.00). At cut-off, values of 3.8 mm and 3.2 mm, respectively, they were both 100 % sensitive and specific. The marbling relative index did not perfectly predict undernutrition, but its AUC (0.975) was not significantly different from that of the other two ultrasound measures (P = 0.27).
The sensitivity and specificity of albumin, fructosamine and FAR for predicting undernutrition, using various cut-off values, are shown in Table 3 . The greatest proportion of cattle correctly classified (94 %) using albumin as an indicator was achieved using the lower limit of its reference range (31.5 g/ℓ). Using fructosamine, a maximum of 79.8 % of animals were correctly classified (at a cut-off of 222 μmol/ℓ) and using FAR a maximum of 74.8 % of animals were correctly classified (at a cut-off of 6.94).
DISCUSSION
In terms of the Animal Protection Act, No. 71 of 1962 of South Africa, section 2(1)c it is an offence to unnecessarily starve, underfeed, deny water or food to any animal. It may, however, be problematic to try to prove undernutrition based on a body condition score, as body condition scoring is a subjective evaluation of an animal's nutritional status. In this study, the problem of subjectivity was eliminated by using two separated BCS categories (< 1 and > 2.5) and thereby not including marginal cases. Clinical examination was also used to try to ensure that the low BCS in the undernourished group were not due to other diseases.
In a previous study by Ping, Poland, Ottmar & Landblom (2003) it was found that body condition scores can objectively be assigned to beef cattle by using ultrasound fat measurements in combination with age and body mass. Real-time ultrasound permits accurate measurements of subcutaneous fat thickness and the thickness of the subcutaneous back fat is also an accurate predictor of total fat and thus body condition in a variety of wild ruminants (Stephenson, Hundertmark, Schwartz & Van Ballenberghe 1998; Stien, Irvine, Langvatn & Ropstad 2003) . In our study, as expected, cattle with low BCS had less body fat than cattle with high BCS. The undernourished group had significantly lower rumpfat and ribfat thickness as well as a lower marbling relative index. Ultrasonic measurements of rumpfat and ribfat were found to perfectly predict severe undernutrition (Fig. 1) . It is unfortunately not always practical to use ultrasound measurements under field conditions. The ideal is therefore to identify a single biochemical indicator that could be used objectively to determine chronic (long-term) undernutrition in ruminants.
Blood chemistry changes are likely to differ between short-term and long-term undernutrition. Short-term negative energy balance in ruminants will result in elevated BHB and NEFA concentrations due to rapid mobilization of body tissue reserves (Hartmann & Lascelles 1965; Baird, Heitzman & Hibbitt 1972; McGuire, Bauman, Dwyer & Cohick 1995; Ndibu alonji, Dehareng & Godeau 1997; Reist et al. 2002; Agenäs, Dahlborn & Holtenius 2003) . In our study, there was no significant difference in BHB, NEFA or urea between the adequately nourished and the undernourished cattle. There does therefore not appear to be an increase in BHB and NEFA during chronic undernutrition. The undernourished cattle also had lower creatinine levels than the adequately nourished cattle, indicative of less muscle bulk. The data obtained in our study give little support to the use of fructosamine:albumin ratio as a sensitive test to confirm undernutrition. Since our study was performed on freshly taken samples, storage might have had an effect on the results obtained by Agenäs et al. (2006) . However, the undernourished cattle in the earlier study may have been more extremely malnourished, since some mortalities occurred in that group (Agenäs, Heath & Phillips, personal communication 2007) . This raises the possibility that cattle in extremis may have a markedly changed fructosamine:albumin ratio, but this could not be confirmed in our study.
In this study, the biochemical measurement with the best predictive ability for undernutrition was albumin.
There are, however, other causes of hypoalbuminaemia, including intestinal parasitism, chronic liver disease and renal disease, which may have been present and undetected in some animals in this study. Breed differences in serum albumin concentration have also been described (Shaffer, Roussel & Koonce 1981; Boonprong, Sribhen, Choothesa, Parvizi & Vajrabukka 2007) , which may have had some influence on the results of this study, since the adequately nourished and undernourished groups were not standardised with respect to breed. The study of Agenäs et al. (2006) , in which the breeds of the undernourished and adequately nourished cattle were similar, found serum albumin concentrations in the undernourished cattle to range from 20 to 37 g/ℓ (Agenäs, Heath and Phillips, personal communication 2007) , while the reference range for adequately nourished cattle was 25.0-44.4 g/ℓ. In our study, serum albumin concentrations in the undernourished cattle ranged from 18.1 to 35.9 g/ℓ, and in the adequately nourished cattle from 31.3 to 41.1 g/ℓ. However, the exclusion of animals with BCS of 1.5 and 2 would have reduced the overlap in albumin concentration between the groups and thereby increased the sensitivity and specificity of albumin (and other measures) for predicting undernutrition. It is clear, however, that before critical levels can be utilised in the field, breed and other variables affecting albumin concentration in blood need to be better understood, which could be facilitated by a metaanalysis of literature data.
For the day to day management of ruminant nutrition, we still advise regular body condition scoring to be done by the same person(s) and making use of several pointers to decrease the subjectivity and increase the accuracy and consistency of the scoring process. These include training; the use of body condition scoring charts; ignoring the frame size of the animal; ignoring the stage of lactation of the animal; scoring appropriate body locations by looking at the lumbar vertebrae, tailhead and thurl and not looking at the ribs, shoulders or neck; viewing the animal from behind; rescoring a group of animalsimmediately after a scoring session, rescoring 10-20 animals and comparing the body condition scores with the original body condition scores to evaluate the consistency; and using a comfortable scoring range. A consistent individual will assign the same score greater than 90 % of the time (Domecq 1997) .
However, for a more objective assessment of a ruminant's nutritional status and welfare, particularly in cases of suspected severe undernutrition, the measurement of subcutaneous fat, combined with body condition scoring and blood variables such as albumin, creatinine and haematocrit should be considered. Due to trained staff and specialised ultrasound equipment often not being readily available, ultrasound measurement of subcutaneous fat should probably be reserved for cases where greater accuracy is required.
